3+ -doped ZBLAN fiber amplifier for Q-switched pulses at 2.79 μm is reported. Over 24 μJ of pulse energy at an average output power of 1.0 W was achieved at a maximum available pump power of 9.4 W. The efficiency of this pulsed laser fiber amplifier is about 10%. Our simulation predicts that over 300-μJ pulses can be achieved with this fiber amplifier when a 120-W pump is used.
I. INTRODUCTION

H
IGH power middle-infrared (mid-IR) lasers have found extensive applications in spectroscopy, surgery, materials processing, frequency metrology, remote sensing, and highefficiency pump sources for nonlinear wavelength convertors [1] - [7] . Mid-IR fiber lasers are outstanding platforms for these applications because of their advantages of compactness, simplicity, high optical conversion efficiency, outstanding heatdissipating capability, and excellent beam quality. In recent years, fiber lasers in the 3 μm region have attracted significant interest because they can be readily achieved with current ZBLAN (ZrF 4 -BaF 2 -LaF 3 -AlF 3 -NaF) fiber laser technology and be easily implemented for these applications mentioned above. Efficient laser emissions at 3 μm have been achieved with erbium (Er 3+ ), holmium (Ho 3+ ), and dysprosium (Dy 3+ ) ions doped ZBLAN fibers [8] - [12] and over 20 W continuous-wave (CW) output has been demonstrated [13] , [14] .
However, for specific applications such as surgery and materials processing, high energy pulsed lasers are preferred to CW lasers. Q-switching is an effective way to produce high energy laser pulses. Q-switched fiber lasers at 3 μm have already been demonstrated with various active and passive modulation techniques. Actively Q-switched 3 μm fiber lasers have been achieved by using a mechanical rotating shutter [15] , a rotating mirror [16] , a piezo actuator, and an acousto-optic modulator [17] . However, an AOM Q-switched 3 μm laser needs electric equipment for active modulation and careful alignment as well. The gain-switching technique has recently been used in Er 3+ -and Ho 3+ -doped ZBLAN fiber lasers to obtain 3 μm pulses [19] , [20] . However, gain-switching usually requires high energy pump pulses. Passive Q-switching based on saturable absorbers which exhibit reduced absorption at high optical intensity is a preferred technique to achieve high intensity laser pulses because it doesn't require additional electric equipment and high pulse energy pumps and has the advantages of simplicity and compactness as well. Using a Fe:ZnSe crystal as the saturable absorber, we have obtained μJ pulses at 2.78 μm and 2.93 μm in Er 3+ -and Ho 3+ -doped ZBLAN fiber lasers, respectively [21] , [22] . However, these Q-switched fiber lasers suffer from complicated configurations and large cavity loss and their efficiencies are low (less than 10%) because of the use of a bulky Fe:ZnSe saturable absorber.
In recent years, graphene, which exhibits saturable absorption over an ultrabroad spectral region has been widely used to develop a variety of compact and reliable Q-switched and mode-locked all-fiber lasers at various wavelengths, because it can be deposited on fiber end facets or made to surround side-polished or tapered fibers to fabricate fiber-based saturable absorbers [23] , [24] . Most recently, using a graphene coated fiber mirror as the saturable absorber, we have successfully obtained Q-switched μJ-level pulses at 3 μm in an Er 3+ -doped and a Ho 3+ -doped ZBLAN fiber laser, respectively [22] , [25] . Compared to Fe:ZnSe Q-switched fiber lasers, fiber-optic graphene Q-switched fiber lasers have higher efficiency, better stability, and much simpler configuration. However, graphene Qswitched fiber lasers were found to be stable only over a specific range of pump powers. Stable pulses with much higher energy can be achieved with optical fiber amplifiers. In this paper we report our investigations on an Er 3+ -doped ZBLAN fiber amplifier for Q-switched pulses at 2.79 μm. Over 24 μJ pulses with an average output power of 1 W were achieved with currently available pump power. Because this single-mode fiber laser has an excellent beam quality (M 2 = 1), the laser beam can be focused into a small spot with radiant exposure at a level of 0733-8724 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. 10 J/cm 2 , which is high enough for general laser surgeries [4] . Much higher energies are required for other applications such as remote sensing and nonlinear wavelength convertor. Our simulation predicts that over 300 μJ of pulse energy can be achieved by using more powerful pumps and effective heat management.
II. EXPERIMENTAL SETUP AND RESULTS
The schematic of the experiment setup for the pulsed Er 3+ -doped ZBLAN fiber laser amplifier is shown in Fig. 1 . A graphene Q-switched Er 3+ -doped ZBLAN fiber laser at 2.79 μm [25] was used as the signal source. A sapphire lens (focal length 25.4 mm) was used to couple the signal into the core of the amplifier fiber. The amplifier fiber was a 4-m Er 3+ -doped ZBLAN fiber with a core dopant concentration of 8 mol.%, core NA of 0.1 and core diameter of 15 μm. The inner circular cladding of the fiber had a diameter of 125 μm and an NA of 0.4. The cladding pump absorption was measured to be 6.5 dB/m at 975 nm. Both ends of the Er 3+ -doped ZBLAN fiber were angle cleaved to prevent parasitic lasing. The amplifier fiber was backward pumped by a fiber-coupled laser diode at 975 nm. The pump laser was collimated and focused into the inner cladding of the Er 3+ -doped ZBLAN fiber by two sapphire lenses (focal length 25.4 mm). A dichroic mirror which has a high transmission at 975 nm (T = 91%) and a high reflectivity at 2.79 μm (R = 98%) was place at 45°angle of incidence between two sapphire lenses to deliver the amplified signal out. The output power of the fiber amplifier was measured by a thermal detector (Thorlabs, S310C). An InSb detector (Kolmar KISDP-1-J1/DC) with rise time of 7 ns was used to measure the time domain performance of the seed and the amplified pulses. The pulse trains were recorded by an oscilloscope with a bandwidth of 100 MHz (Tektronix TDS 1012). The spectra of the signal before and after the fiber amplifier were measured with a monochromator (SPEX 270).
In our experiment, the output power of the fiber amplifier for launched signal powers of 1 mW, 5 mW, 10 mW and 20 mW were measured at different pump powers. The different signal powers were obtained by attenuating the output power of the signal source which operated at stable Q-switching with fixed repetition rate of 41.2 KHz and pulse width of 2.1 μs. The maximum available launched pump power is about 9.4 W. The pulse energy and output power as a function of the launched pump power for different signal powers are shown in Fig. 2 . The efficiency of this fiber amplifier increases with the increased signal power. An efficiency of 10.6% was obtained with the input signal power of 20 mW, which corresponds to an input pulse energy of 0.49 μJ. Further increase of the input signal power didn't result in significant increase of the efficiency. Gain saturation was not observed in our experiment and an average output power of 1.0 W was achieved at the maximum available pump power. The pulse energy of the amplified pulses is estimated to be about 24 μJ. The spectra of the seed laser and the amplified laser were measured and normalized as shown in Fig. 3 . There is only a slight difference between the seed signal and the amplified signal, which may due to some minor hysteresis in the monochromator. Fig. 4 shows the pulse shapes of the seed laser and the amplified laser at pump power of 2.3 W, 4.7 W, 7.1 W, and 9.4 W respectively. Clearly, the front portion of the pulse is amplified more than the rear portion. However, noticeable distortion of the pulse shape was not measured in our experiment. The inset shows the pulse train of the amplified laser, which is identical to the seed laser. For the four pump powers, the average output powers are 180 mW, 500 mW, 760 mW, and 1.0 W, corresponding to pulse energies of 4.4 μJ, 12.1 μJ, 18.4 μJ, and 24.3 μJ, respectively. Since an Er 3+ -doped ZBLAN fiber laser has been demonstrated with >24 W output at a pump power of >160 W [13] , it is very possible to scale up the pulse energy by an order of magnitude by using more powerful pumps and employing active cooling techniques.
III. SIMULATION MODEL AND RESULTS
In order to evaluate the performance of this fiber amplifier and predict its further power scaling, we have conducted a series of simulations based on the laser mechanism shown in Fig. 5 [27] . Moreover, in the ETU1 process, one pump photon is turned into two laser photons and thus the efficiency of a heavily Er 3+ -doped ZBLAN fiber laser is improved [8] .
The Er 3+ -doped ZBLAN fiber amplifier for the Q-switched laser was simulated by solving the dynamic rate equations and calculating the pulse amplification in both temporal and spatial domain using the Runge-Kutta method. The rate equations are
where 2 , τ 1 are the fluorescence lifetimes of the 4 levels respectively and p ij represents the branching ratio of the decay from level i to lower level j. The values of lifetime τ i , and branching ratio p ij can be found in Ref. [27] and the ETU rate k iij k can be found in Ref. [28] , [29] . R 02 = σ a,λ p P p /(hv p A ef f ) is the absorption rate of the pump laser. W 21 In the above equations, h is the Plank constant, σ a,λ p is the absorption cross section at the pump wavelength, σ e,λ s and σ a,λ s are the emission and absorption cross sections at the signal wavelength, respectively. P p and P s are the pump power and laser power respectively, ν p and ν s are the frequencies of the pump and the laser respectively, and A ef f is the effective mode area. The governing equation for P p (t) and P s (t) can be expressed as
∂ ∂z
where V p and V s are the group velocity of the pump and the signal, α p and α s are the loss of the pump and signal and F p and F s are the spatial overlaps of the pump and signal modes with the fiber core, respectively. In order to validate the modeling of the Er 3+ -doped ZBLAN fiber amplifier for Q-switched pulses, the gain as a function of the pump power for different signal powers was calculated and compared with the experimental data as shown in Fig. 6 . The simulation results agree well with the experimental data. The gain as a function of the signal power for different pump powers was calculated and is shown in Fig. 7 . Both experimental data and simulation results show that the gain increases with the pump power but decreases with the signal power. Since no saturation was observed in our experiment, it is possible to achieve much higher pulse energy by launching more pump power into the gain fiber. Fig. 8 shows the calculated pulse energy and output power of the 15-μm-core Er 3+ -doped ZBLAN fiber amplifier as a function of the pump power for different signal powers. The slope efficiency of the fiber amplifier increases with the increased signal power. But the increase is not significant when the signal power is larger than 20 mW. When the pump power is 120 W and the seed signal power is 20 mW, a pulse energy of over 300 μJ can be obtained. The inset shows the pulse shape of the amplified pulses at pump powers of 20 W and 120 W and that of the input seed pulse. The saturation energy of the 15-μm-core fiber is 60 μJ. Therefore, due to the gain saturation, the pulse shape is distorted at high pump power. Since over 20 W CW laser and over 10 W actively Q-switched laser have been demonstrated with heavily Er 3+ -doped ZBLAN fibers [13] , [14] , [16] , 3 μm pulses with energy of 300 μJ can be achieved by currently available ZBLAN fiber laser technology.
IV. CONCLUSION
In conclusion, an Er 3+ -doped ZBLAN fiber amplifier for pulsed lasers at 2.8 μm was investigated experimentally and numerically. Amplified pulses with energy over 24 μJ and an average output power of 1 W were achieved. More powerful pulses are expected when higher pump power is used and active cooling is employed. Our simulations predict that the pulse energy can be scaled up to over 300 μJ at an average power of 10-W when a pump power of 120 W is launched in the Er 3+ -doped ZBLAN fiber amplifier. Further scaling of the pulse energy can be accomplished by using a large-core active fiber and reducing the repetition rate of the pulses as well. Multi-mJ mid-IR pulses at 2.8 μm will be achievable by employing current ZBLAN fiber laser technology and active cooling techniques.
